C nuclear magnetic resonance (NMR) spectroscopies. The legume-based cropping system P+M contained the highest contents of non-hydrolysable C and N, hydrolysable C and N, amino acid N and hydrolysed unknown N. The relative proportion of non-hydrolysable N was higher in bare soil (30.0%) and decreased incrementally in other treatments based on the total C and N contents. The amino acid N corresponded to an average of 37.2% of total N, and was not affected by land use and no-till cropping systems. The non-hydrolysable residue contained lower O-alkyl and higher aromatic C concentrations, as revealed by CPMAS 13 C NMR spectroscopy, and higher C: N ratio than the bulk soil. No differences in the bulk soil organic matter composition could be detected among treatments, according to CPMAS 13 C and 15 N NMR spectra. In the non-hydrolysable fraction, grassland showed a lower concentration of aromatic and a higher concentration of alkyl C than other treatments. From CPMAS
Introduction
No-tillage management, which is being increasingly adopted by South and North American farmers (Lal 2000) , is regarded as an efficient way to improve soil organic matter (SOM) stocks (Bayer et al. 2000) -although considerable information on the quantitative features of SOM, particularly aspects relating to the organic N dynamics in soils under no tillage, still need to be investigated further. Nitrogen is the soil nutrient required at the highest amounts by most crops; thus N dynamics related to N availability to plants is always a subject of practical interest. Moreover, being an important constituent of SOM, N is closely related to SOM functions in improving soil physical, chemical and biological properties, in addition to its beneficial role in improving the environment.
Traditionally, studies on soil organic N are based on quantification and characterisation of different fractions obtained after hot acid hydrolysis (Bremner 1965; Camargo et al. 1997) . Five main N fractions are commonly obtained (Stevenson 1994) : acid insoluble N or non-hydrolysable N (20-25% of the total N), NH 3 -N (20-25%), amino acid N (30-45%), amino sugar N (5-10%) and hydrolysable unknown N (10-20%). By adding the proportions of N found in acid insoluble and hydrolysable unknown fractions, it becomes obvious that about half of the total N remains to be properly identified. Analytical pyrolysis studies indicate that a significant percentage of unidentified N fractions are present in heterocyclic structures (Leinweber and Schulten 1998; Schulten and Schnitzer 1998) .
As an alternative to hot acid hydrolysis, cross-polarization magic angle spinning (CPMAS) 15 N nuclear magnetic resonance (NMR) spectroscopy is a relatively new and powerful technique employed in soil organic N studies (Knicker et al. 1993; Knicker and Lüdemann 1995; Knicker 2004) . These studies have suggested that most soil organic N, including the unidentified one, can be assigned to amide N contained in structures of peptides and polypeptides (Knicker et al. 1993 (Knicker et al. , 2000a Knicker 2000) . The stabilisation of this relatively labile N form is possibly due to organomineral (Knicker et al. 2000b) interactions and encapsulation of proteinaceous materials, particularly enzymes, into hydrophobic domains of SOM (Burns 1982; Nannipieri et al. 1996; Knicker and Hatcher 1997; Zang et al. 2000) .
Information on organic N forms, as obtained by combination of chemolytic and spectroscopic techniques in subtropical and tropical soils managed under no tillage, is rather scarce. This is attributable to methodological constraints and the limited availability of sophisticated equipment such as CPMAS spectrometers. From the few hydrolysis studies carried out in Brazilian subtropical soils subjected to different management systems, the one conducted by Ceretta (1995) showed that the absolute amounts of different organic N forms (amino acid, NH 3 , amino sugar, hydrolysable unknown and acid insoluble forms) are affected by the amount and quality of the residue added in different no-till cropping systems. However, the relative proportions of N forms remained unaltered. Similar results have also been obtained in long-term experiments from temperate regions (Leinweber and Schulten 1998) .
The objective of this study was to investigate the influence of land-use systems (native grassland and cropland) and of long-term no-till cropping systems on the composition of organic N forms in a subtropical Acrisol by the use of conventional hot acid hydrolysis and CPMAS 15 N NMR spectroscopy.
Material and methods

Field experiment and sampling
This study was based on a long-term experiment set in 1983 at the Agronomic Experimental Station of the Federal University of Rio Grande do Sul, Eldorado do Sul RS, Brazil (30°51′S, 51°38′W). The soil is classified as sandy clay loam Acrisol (FAO 2002) , containing 540, 240 and 220 g kg −1 of sand, silt and clay, respectively, in the 0-to 20-cm layer. Climate is classified as humid sub-tropical (Cfa, Köppen), with year-round precipitation (1,440 mm) and hot summer.
The experiment comprises ten no-till cropping systems disposed in a complete randomised block design, with three replicates. For this study, only three treatments were selected: (1) bare soil, (2) oat (Avena strigosa Schreb)/maize (O/ M) sequential cropping and (3) pigeon pea [Cajanus cajan (L.) Millsp.]+maize (P+M) intercropping. No fertiliser N was applied to crops. Soil samples from the 0-to 2.5-cm layer were collected in August 2000 at two sampling points per plot. Besides the experimental treatments, the native grassland soil adjacent to the experiment was also sampled to represent the original land use system. Samples were airdried, crushed with a wooden roll and stored in plastic pots.
Carbon and N analysis and acid hydrolysis C and N concentrations in the soil bulk samples were determined by dry combustion in a Vario EL CN analyser. Previously, soil samples were ground in mortar to pass a 150-μm mesh. Hydrolysis and the C and N analyses were carried out in samples of the three field replicates.
Portions of non-hydrolysable N, hydrolysable N, amino acid N and unidentified hydrolysed N were evaluated after hot acid hydrolysis, according to the methodology described by Kögel-Knabner (1995) . Briefly, about 1.0 g of soil sample was weighed into 20-ml flasks. Afterwards, 5 ml of acidic mixture (6 mol l −1 HCl and 1 mol l −1 HCOOH) was added. Flasks were sealed and placed in an oven for 12 h, at 110°C. The hydrolysate was filtered and the non-hydrolysable fraction was washed, freeze-dried and analysed for C and N concentrations in the same way as bulk soil samples. The hydrolysate was transferred into a beaker and put over a sand bath to allow acid evaporation. After drying, the hydrolysate was re-suspended in distilled water and alkalinised to about pH 11 (phenolphthalein indicator) with NaOH in order to remove amino sugar N. The amino acid N concentration was determined after ninhydrin reaction at pH 5.0 (using sodium citrate 0.4 mol l −1 as buffer). The intensity of the developed blue colour was measured at 570 nm and correlated to the concentration of amino acid N (Kögel-Knabner 1995).
The proportion of hydrolysable N was calculated by subtracting the non-hydrolysable N from the total N content. From the difference between the hydrolysable N and amino acid N, the proportion of unidentified hydrolysed N was obtained. This last fraction encompasses the NH 3 -N, amino sugar N and hydrolysable unknown N obtained with the traditional hydrolysis method (Bremner 1965) .
The significance (P≤0.05) of the effects of land use and no-till cropping systems on the organic C and total N concentrations in the bulk soil and in the fractions resulting from acid hydrolysis was investigated using the analysis of variance (ANOVA). Tukey's test (P≤0.05) was used to obtain the LSD between treatment means.
Cross-polarization magic angle spinning 13 C and 15 N NMR spectroscopy
The bulk soil samples and the non-hydrolysable fractions were subjected to CPMAS 13 C NMR spectroscopy. Pre-viously, these samples were pre-treated with 10% HF solution in order to concentrate the organic C and to improve the signal-to-noise ratio of the spectra (Gonçalves et al. 2003) . No qualitative changes of organic matter in bulk soil samples occurred after HF treatments, considering that no alterations of the C:N ratios were observed before and after treatment (data not shown). However, the average C:N ratio of the non-hydrolysable fractions increased from 21.6 to 39.2 with HF treatment (data not shown), which suggested some N might have been removed from this fraction during HF treatment. Details about the HF treatment are described in Dieckow et al. (2005) . CPMAS 13 C NMR spectra were acquired on a Bruker DSX 200 spectrometer (operating at 50.3 MHz). The rotor spinning speed was 6.8 kHz, the contact time was 1 ms and a pulse delay of 200 ms was used. About 30×10 3 scans were collected and, after Fourier transform, a line broadening of 50-100 Hz was applied. The chemical shift was given relative to tetramethylsilane (0 ppm). The concentration of each C type was quantified according to the spectral area in the corresponding resonance range: carbonyl C (220-160 ppm), aromatic C (160-110 ppm), O-alkyl C (110-45 ppm) and alkyl C (45 to −10 ppm).
Because of the huge cost and the lengthy time required for CPMAS 13 C NMR analyses, we did not replicate the measurements. For each treatment, the analysis was run on a composite sample of the three field replicates. To compare the quantitative results among the treatments, we considered the standard errors for the NMR measurements of each C type obtained in a previous study in the same experimental field (Dieckow et al. 2005) . Calculations of these standard errors for NMR measurements were based on a procedure proposed by Baldock and Smernik (2002) . Accordingly, differences >8.3% in the concentration of carbonyl C, >5.0% in aromatic C, >2.2% in O-alkyl C and >4.9% in alkyl C were considered as significant for this study.
For CPMAS 15 N NMR spectroscopy of the HF-treated bulk soil samples, a Bruker DSX 400 spectrometer, operating at 40.5 MHz, was used. The rotor spinning speed was 5.7 kHz and the contact time was 0.7 ms. About 400×10 3 scans were accumulated for each sample, with an acquisition time of 200 ms. A line broadening of 150 Hz was applied. Nitromethane was taken as the reference for chemical shift (0 ppm). We did not replicate 15 N NMR measurements due to the same reasons given for 13 C NMR spectroscopy. The quantification of the N forms was not possible due to the low signal-to-noise ratio of the 15 N NMR spectra.
Results and discussion
Among the different cropping systems, the one based on legume P+M showed the highest contents of C and N in the bulk soil sample, both in the non-hydrolysable and in hydrolysable fractions (Table 1) . Intermediate contents were found in grassland and the lowest rates in O/M and bare soil. The results may be directly related to the annual biomass C and N additions, which were higher in P+M (8.89 Mg C ha −1 and 312 kg N ha ) (data not shown). Comparable results were obtained in other longterm experiments, where high input soil management systems enabled higher contents of all organic N forms (Ceretta 1995; Leinweber and Schulten 1998) .
Regarding the relative proportions of the different N forms, results for non-hydrolysable N (21.1-30.0%) and amino acid N (35.6-38.3%) ( Table 1) Quantified through measurement of the absorbance at 570 nm, after ninhydrin reaction c Unidentified hydrolysed N = total N in hydrolysable fraction − amino acid N d Means in columns followed by the same lower case letter do not differ significantly according to Tukey's test (P<0.05) commonly reported for soil samples (Stevenson 1994) . The proportion of non-hydrolysable N was higher in bare soil (30.0%) and lower in P+M (21.1%), following the inverse trend observed for total C and N contents (Table 1) . It is possible that a low organic matter content in soils is related to a higher stability of organic N compounds against acid hydrolysis as well as against microbial attack.
Based on results of FIMS (field ionization mass spectroscopy) pyrolysis, Leinweber and Schulten (1998) proposed that aromatic-heterocyclic N is the major constituent of the non-hydrolysable N fraction, which could account for the enhanced recalcitrance of this organic N against acid hydrolysis. On the other hand, the recalcitrance of organic N in the non-hydrolysable residue could also be imparted by encapsulation of relatively labile N compounds, such as peptides, in hydrophobic domains of organic matter (Knicker and Hatcher 1997; Zang et al. 2000) . Besides aromaticity and encapsulation of N, organomineral interactions with reactive surfaces of silicates and oxides have also been highlighted as major factors determining the non-hydrolysability of organic N, including peptide structures (Leinweber and Schulten 2000) .
Accordingly, the proportion of hydrolysable N showed an inverse trend to that observed for non-hydrolysable N, being lowest in bare soil (70.8%) and highest in P+M (78.9%) ( Table 1 ). The variation in the proportion of hydrolysable N among the treatments corresponds mainly to variations in the unidentified hydrolysed N, since the proportion of amino acid N remained unchanged (Table 1 ). The unidentified hydrolysed N encompasses the NH 3 -N, amino sugar N and unidentified hydrolysed N obtained in the conventional hydrolysis methodology of Bremner (1965) . Thus, it becomes clear that one or more of these N forms was (were) indeed affected by treatments.
The proportion of C in non-hydrolysable and hydrolysable fractions was not affected by the treatments (Table 1) . On average, 54.9% of the total C could be extracted through hydrolysis (Table 1) , a substantially lower value than the mean proportion of hydrolysable N (74.5%). The lower C: N ratio of the hydrolysable fraction (mean 8.7) compared to the non-hydrolysable one (mean 21.3) (Table 1) confirms that N-rich compounds were preferentially extracted with acid hydrolysis.
CPMAS
13 C NMR spectroscopy showed a clear reduction of signal intensity assigned to O-alkyl C (72 ppm, in the range 110-45 ppm) in the non-hydrolysable residue compared to the original bulk soil sample ( Fig. 1 and Table 2 ). This reflects the lower structural recalcitrance of organic compounds, mainly carbohydrates, that contains such C type. As the relative signal intensity of O-alkyl C decreased after hydrolysis, the signals of other C forms, mainly aromatic C (130 and 150 ppm, in the range 160-110 ppm) and alkyl C (32 ppm, in the range 45 to −10 ppm), increased proportionally ( Fig. 1 and Table 2 ). This trend was observed in all treatments (Table 2) . Considering the increase in C:N ratios in the residues after hydrolysis, this alteration of the chemical composition agrees with the relative enrichment of N-poor aromatic and alkyl C structures.
Although land-use and cropping systems affected the content (g kg −1 soil) of non-hydrolysable C, hydrolysable C and amino acid N, it did not affect the relative proportion (% of total C or N) of these fractions (Table 1) . Accordingly, the effect of land-use and cropping systems seemed to be greater on the content (g kg −1 soil) than on the relative proportion (% of total N) of non-hydrolysable N, hydrolysable N and unidentified hydrolysed N fractions (Table 1) . Ceretta (1995) also observed that soil management systems have a larger effect on the content than on the concentration of the different organic N forms. Accordingly, Leinweber and Schulten (1998) stated that, in order to understand the reasons of the relatively constant proportions, it is important to know the chemical identity of these corresponding fractions. Several reports have shown that in spite of significant differences in the amount and quality of the organic residue entering the soil, the quality of SOM remains practically unchanged (Oades et al. 1988; Dieckow et al. 2005) . This result could be related to the similarities in humification processes that depend on both biotic and abiotic reactions.
The concentration of the different C types, as determined by CPMAS 13 C NMR spectroscopy, in the bulk soils was also similar across the treatments, except for a higher aromatic C concentration in the P+M system (Table 2 ). In the non-hydrolysable fraction, however, the grassland soil presented a lower concentration of aromatic C and a higher Fig. 1 Cross-polarization magic angle spinning 13 C NMR spectra of the a original bulk soil samples from the 0-to 2.5-cm layer and the b respective nonhydrolysable fraction of the P+M system. The shape of the spectra was approximately the same in the other treatments concentration of alkyl C compared to the other treatments (Table 2 ). This might suggest that compositional differences between grassland and croplands not detected when analysing the bulk soil samples could become more noticeable after hot acid hydrolysis.
The tendency of comparable organic matter compositions among bulk soil samples of grassland and no-till cropping systems was also shown by results from CPMAS 15 N NMR spectroscopy (Fig. 2) . The spectra of all treatments were basically dominated by a single signal at −256 ppm, suggesting that amide N of peptide structures is the major constituent of the organic N pool in this subtropical Acrisol. In addition, a smaller peak at −347 ppm, derived from free amino groups attached to amino acids and amino sugars, was also observed. The significance of amide N as the major organic N representative in soil samples as well as in particle size fractions has already been shown in several previous works (Knicker et al. 1993 (Knicker et al. , 2000a Knicker 2000) .
Regarding the heterocyclic aromatic N compounds, reported as being important organic N constituents formed from condensation reactions between lignin products and amino N (Kelley and Stevenson 1996) , no clear signals could be detected in their corresponding chemical shift regions: −25 to −100 ppm (imine and pyridine N) and −145 to −250 ppm (indole, pyrrole, purine/pyrimidine) (Fig. 2) . With respect to the stability of soil organic N, this result means that recalcitrance imparted by heterocyclic aromatic structures is not a significant stabilisation mechanism.
The presence of amide N as the main organic N constituent would suggest that proteins and peptides from microbial, vegetable and animal sources are protected against proteolysis by their association with SOM or minerals. This mechanism has been proposed for the persistence of hydrolases enzymes in soils (Burns 1982; Nannipieri et al. 1996 Nannipieri et al. , 2003 . Thus the encapsulation of organic N into the hydrophobic sites of SOM (Knicker and Hatcher 1997; Zang et al. 2000) and the organomineral interactions (Leinweber and Schulten 2000) , both of which were discussed previously, play a role in protecting amide N as a refractory soil organic compound.
Conclusions
Hot acid hydrolysis in soil samples preferentially removed O-alkyl C type, resulting in increases in the proportion of other C types, particularly aromatic C.
The legume-based cropping system P+M increased the content of all C and N forms in soil due to its higher phytomass input.
The composition of the organic N compounds and SOM was minimally affected by long-term no-till cropping systems in this subtropical Acrisol, regardless of differences in quantity and quality of annual residue addition. This could be related to similarities of humification processes that depend on both biotic and abiotic reactions. a The value after the ± signal refers to the standard error based on 8.3% for carbonyl C, 5.0% for aromatic C, 2.2% for O-alkyl C and 4.9% for alkyl C, as estimated by Dieckow et al (2005) Amide N was the major organic N component of this soil and is possibly protected by its encapsulation into hydrophobic domains or by organomineral interaction mechanisms.
